A quantitative technique utilising [14C]a-ami noisobutyric acid as a tracer was used to study cerebro vascular permeability in 22 Mongolian gerbils. Seven other animals were used to measure cerebral blood vol umes. Global cerebral ischaemia was produced by tem porary bilateral carotid artery occlusion (60 min) in 16 gerbils that were sacrificed at 1, 2, and 3 h following re perfusion. The blood-to-brain transfer constant was sig nificantly increased after 2 h of reperfusion in the isch aemic zones and also in structures, like the cerebellum, not supplied by the carotid artery and not ischaemic Abbreviations used: AlB, a-aminoisobutyric acid; BBB, blood-brain barrier.
The Mongolian gerbil has been widely used in studying the pathophysiology of cerebral ischaemia and the effect of recirculation on an ischaemic brain (Khan, 1972; Ito et aI., 1975; Crockard et aI., 1980; Jarrott and Domer, 1980; Avery et aI., 1984) . Water accumulates early in the brain tissue after an isch aemic insult (Klatzo, 1967) , and reperfusion of an ischaemic brain may aggravate the edema forma tion, resulting in further accumulation of water and blood-brain barrier (BBB) disruption (Ito et aI., 1979; Iannotti and Hoff, 1983; Avery et aI., 1984) . The impairment of the BBB after recirculation has been related to the duration and severity of isch aemia (Ito et aI., 1979; Nishimoto et aI., 1979) and to the level of systemic blood pressure (Ito et aI., 1980) , However, other factors may contribute to BBB damage during reperfusion. The behaviour of during the vessel occlusion. The blood-brain barrier (BBB) alterations were coincident with the onset of ischaemia-induced seizures that were accompanied by sudden "spikes" of systemic blood pressure. Epilepsy may play an important role in the development of BBB damage in this ischaemic model, and this factor must be considered in the interpretation of BBB damage data in gerbils. Key Words: a-Aminoisobutyric acid-Blood brain barrier-Cerebral ischaemia-Epilepsy-Ger bil-Reperfusion.
the BBB during ischaemia and reperfusion has been previously evaluated qualitatively, employing large tracer molecules such as Evans blue-albumin and horseradish peroxidase (Ito et aI., 1979 (Ito et aI., , 1980 Nish imoto et aI., 1979; Petito et aI., 1982; Suzuki et aI., 1983) . Recently, methods have been introduced that employ small isotopically labelled compounds with a low permeability across the intact endothelium, such as sucrose and a-aminoisobutyric acid (AIB) (Ohno et aI., 1978; Blasberg et aI., 1980) . These techniques have made it possible to identify and quantify small changes in the passage of these tracers across the BBB during ischaemia and fol lowing reperfusion (Tyson et aI., 1982; Shigeno et aI., 1984) .
This study employed the [ I4 C]AIB method in the gerbil model of ischaemia to evaluate factors causing impairment of the BBB during reperfusion.
THEORY AND CALCULATIONS
The model used was developed by Ohno et ai. (1978) . Briefly, for the measurement of the blood to-brain transfer constant (Ki) , it is assumed that the passage of the tracer into the brain is propor tional to its plasma concentration, and that the re flux from brain to blood is negligible during the ex-perimental time. The latter condition is well satis fied by AlB, which is known, in normal animals, to be carried rapidly and concen:rated into the brain cells (Blasberg et al., 1983a) . A blood-to-brain transfer constant can be calculated from the equa tion (1) where Ci (D is the tissue concentration of the tracer at the end of the experiment (dpm g-l ), T is the duration of the experiment (min), and C p is the ar terial plasma concentration (dpm ml-1).
The transfer constant, Ki, is related to the per meability-surface area product (PS) and blood flow (F) by
If P S � F, a condition satisfied for AlB (BIas berg et al., 1983a) , then Ki = PS and can be expressed in terms of a plasma clearance (ml g -I min -1).
However, the measurement of the tissue tracer con centration needs a correlation for the concentration from the intravascular tracer. Therefore, Eq. 1 may be written:
( 3) where V is the residual regional blood volume (joLl g-I ) and Cb is the whole-blood tracer concentration (dpm joLI-I ). Sucrose, a compound of very low per meability at the BBB (Ohno et al., 1978) , was used to calculate V as the ratio between the tracer con centration in the brain and in the whole blood ac cording to the following equation:
where V(sucr) is the cerebral blood volume (joLl g-l ), Ci(sucr) is the tracer concentration (dpm g-I ) in the brain, and Cb(sucr) is its concentration (dpm joLI-l ) in the whole blood.
METHODS

Animal preparation
Adult male gerbils, Meriones unguiculatus. 60-80 g, were anaesthetised with pentobarbital (60 mg kg-I body weight i.p.), and further doses (10 mg kg-I) were given according to a protocol developed in this laboratory (S. Avery, unpublished data) to maintain a constant level of anaesthesia. Lidocaine 1% was used to infiltrate all sur gical wounds. A tracheostomy was performed and a small plastic cannula inserted. The animals spontaneously breathed room air. Both carotid arteries were exposed in the neck and prepared for temporary occlusion. Short PE 10 polyethylene catheters were inserted in the left femoral artery and vein. Heparinised saline solution (50 ID/ml) was used to flush the lines. Systemic arterial blood pres sure was continuously recorded with a Statham P50 trans ducer connected to a Lectromed polygraph. Arterial blood gases, pH, and haematocrit were measured before the isotope injection (Radiometer ABL 30). Not more than 0.2 ml of blood was withdrawn, and an equal volume of plasma was replaced. Body temperature was main tained at 3rC by external heating. All surgical proce dures were performed with the aid of an operating micro scope and required 30-45 min.
All the animals utilised in this study underwent a sim ilar preparation.
Any animal with a MABP of <60 mm Hg, apart from the period immediately following the removal of clips in the ischaemic groups, was excluded from the number of animals in this study.
Transport of AlB
The transfer constant (Kj) for AIB was determined in 22 gerbils, divided into four groups. In 16 animals, cere bral ischaemia was produced by bilateral common carotid occlusion with Scoville Lewis aneurysm clips. Sixty min utes later, the clips were released, allowing reperfusion of the ischaemic brain. The patency of the carotids was confirmed visually in each animal. The animals were di vided into three experimental groups, depending on the length of reperfusion time, and sacrificed after 60, 120, and 180 min of reperfusion.
A control group was established, utilising six animals that underwent the same surgical preparation as the isch aemic ones but in which the carotids were not occluded.
To check the effect of the duration of anaesthesia in our model, we randomly sacrificed these animals at 2 or 4 h after the end of surgery. There were no significant differ ences for transfer constant values or physiological param eters between the control animals sacrificed at 2 and at 4 h after the end of the surgical preparation. We included the values from all these animals in our control group.
One hour before the end of the experiment, Evans blue dye, 0.1 ml of a 2% solution in buffered (pH 7.4) normal saline, was administered intravenously in all animals. Ten minutes before the end of the scheduled time, a bolus of 2.5 fLCi of [1-14C]AIB (40-60 mCi/mM; Amersham) in 0.1 ml of buffered (pH 7.4) normal saline was injected intravenously. Small blood samples (0.03-0.04 ml) were collected in heparinised microhaematocrit glass capillary tubes at predetermined intervals of time (15,30,60,90,120,200,280,360,480,600 s) . A large volume was withdrawn at the end to measure the whole-blood isotope concentration. To tal blood loss was 0.5-0.6 m\. Animals whose MABP fell to <55 mm Hg at the end of the sampling were excluded. At 600 s after the tracer injection, each animal was killed by decapitation, and the brain was rapidly removed, excluding the large dural ves sels, and dissected on a filter paper wetted with cold saline. Care was taken to remove the choroid plexus from the lateral ventricles and around the cerebellum. The pi-neal and the pituitary glands were excluded. Tissue sam ples were placed in preweighed vials, which were im mediately reweighed. Sample solubilisation was accom plished by adding 2 ml of Soluene 100 (Packard) and incubating the vials at 55°C overnight. Each vial was then filled with 10 ml Omnifluor (New England Nuclear) and neutralized with a few drops of glacial acetic acid. Blood samples were spun down in a microhaematocrit centri fuge; then, 10-20 ILl plasma was collected in calibrated microcaps, diluted in 1 ml distilled water, and counted in 10 ml Biofluor (New England Nuclear). A 20-ILI whole blood sample was digested in 0.5 ml Soluene/ethanol (1:2) solution, blanched with 0.3 ml hydrogen peroxide (30% wt/vol), and counted in 10 ml Biofluor acidified with 0.5 ml 0.5 N HC!. All samples were counted at least 24 h after the preparation. f)-Counting was performed by a Beckman LS 3150T spectrometer. Single sample quenching was monitored by the external standard method. Sample counts were corrected for background and quenching.
Regional blood volumes
Seven gerbils were used to evaluate a regional correc tion for the blood volume in the dissected brain samples. Blood volume was defined as the [3H]sucrose space at 25 s after the intravenous injection of the tracer and calcu lated using Eq. 4. A 1O-fJ-Ci bolus [6-6' (n)-3H]sucrose (1-5 mCi/mM; Amersham) was injected intravenously. Twenty-five seconds later, a blood sample was collected and the animal sacrificed. Brain samples and whole blood were digested and counted in a similar way to [14C]AIB.
Statistical analysis
Statistical analysis was performed with the aid of the SPSS program (Nie et a!., 1975) on a CDC 6600 computer. Differences between groups were evaluated by one-way analysis of variance, followed by the Scheffe test for mul tiple comparisons between groups. A p value of <0.05 was considered significant.
RESULTS
Physiological variables
Cardiovascular and respiratory data from the re perfused and control groups are given in Ta ble 1.
All the values reported were measured before the injection of the tracer. The pattern of systemic ar terial pressure during ischaemia and in the reper fusion phase is shown in Fig. 1 . The MABP rose sharply with carotid occlusion and remained higher during the ischaemic period as compared with the resting values. After reperfusion, the MABP fell to values of �40-50 mm Hg, returning to control values at the end of the first hour of reperfusion. Between 90 and 120 min after the clips were re leased, all but two animals showed a slight further increase of MABP associated with pressure "spikes," most of them coincident with clinically observed convulsions. Figure 2 shows the pressure pattern recorded in gerbils after the onset of sei zures, Not all the blood pressure spikes were ac companied by obvious motor seizures.
Blood-to-brain transfer constant
There was no increase in the blood-to-brain transfer constant for AlB measured after 60 min of reperfusion, However, groups undergoing 120 and 180 min of reperfusion showed a significant increase in the transfer constant in most regions, including the brainstem and cerebellum (Table 2, Fig. 3 ). In the pressure recordings of all the animals showing an increased transfer constant, pressure spikes sim ilar to those in Fig. 2 were present. Two animals, one from the 120-min reperfusion group and the other from the 180-min group, had no pressure spikes and their transfer constants in the cortex and in the deep nuclei were the lowest in their groups. In these animals, the values in the cerebellum and brainstem were within normal range.
Evans blue staining was detected by inspection and recorded during the dissection. No effort was made to grade the extravasation of the dye, which was simply recorded as present or absent. Staining of the brain was found in two of five animals at 120 min and in the three of six at 180 min. Generally, its distribution was confined to the cerebral cortex and the basal ganglia. No Evans blue was observed in the cerebellum or brainstem. All the stain-posi tive animals had blood pressure spikes and a transfer constant increase, whereas not all animals with pressure spikes had Evans blue-albumin ex travasation.
Cerebral blood volumes
Cerebral blood volumes were measured in seven animals. These values were used as a correction for the tracer still within the vessels at the end of the experiment. The volumes in the barrier regions were between 2.2 and 3.5%. The values for the var ious regions are listed in Ta ble 3. The physiological variables did not differ significantly from those of the AIB control group.
DISCUSSION
One hour of bilateral carotid occlusion is a severe ischaemic insult, resulting in a mortality rate ap- 3.7 ± 0.3 3.6 ± 0.3 6. 0 ± 0.6" 5.9 ± 0.3"
Values are means ± SEM expressed as ml g-I min-I x 10-3. Significance determined using one-way analysis of variance and Scheffe test: "p < 0.05 as compared with control. Blood-to-brain transfer constants in control gerbils and following reperfusion (means ± SEM). The values were significantly (p < 0.05) increased after the second hour of reperfusion in the ischaemic frontal (triangles) and also in the nonischaemic cerebellar (circles) regions. For 60-120 min, n = 5; for control and 180 min, n = 6.
proaching 100% at 24 h (Avery et aI., 1984) . Our purpose has been to quantify the previously re ported qualitative data (Avery et aI., 1984) . Several studies have investigated the patterns of BBB impairment during reperfusion in the gerbil model (Ito et aI., 1979 (Ito et aI., , 1980 Nishimoto et aI., 1979; Hervonen et aI., 1980; Suzuki et aI., 1983; Avery et aI., 1984) . There is a suggestion that BBB break down to proteins is a relatively late phenomenon occurring hours after a transient period of isch aemia. Furthermore, its occurrence seems related to the severity and the length of ischaemia. Histo pathological studies utilising large tracers, such as Evans blue-albumin or horseradish peroxidase, have described a regional and perivascular pattern of extravasation for these compounds following re- circulation and an increased pinocytotic activity in cerebral arteries and capillaries (Nishimoto et aI., 1979; Petito and Levy, 1980; Petito et aI., 1982) . A different time course and extravasation pattern were shown for micromolecular substances, such as sucrose, whose abnormal passage starts shortly after reperfusion and persists long after the leakage of macromolecules is no longer demonstrable (Nishimoto et aI., 1979) . AlB is a small molecule and, with the method we used, it is possible to quan titate permeability changes-a major advantage over the qualitative Evans blue technique. Quantitative assessment of the blood-to-brain transfer constant for AlB in the gerbil is a repro ducible technique, despite the small size of the an imal. The values calculated for the normal gerbil do not differ substantially from the ones found in the rat during a 10-min experiment (Blasberg et aI., 1983a) . Every effort was made to keep the cardio vascular conditions of the animal constant during the sampling procedure. In consideration of the small total blood volume of the gerbil (estimated at -5 mI), the total blood withdrawn was kept below 0.6 ml, and the systemic arterial pressure was re corded throughout the procedure. In the control group, the average MABP was 67 mm Hg at the isotope injection and 62 mm Hg at the end of the experiment. The final values were well above the autoregulatory lower limits for the anaesthetised gerbil (Crockard et aI., 1982) . This volume of blood loss should not affect the cardiovascular conditions or reduce the haematocrit by > 10%. This has been shown in the rat (Walsh et al., 1980) . A value for the transfer constant can be calcu lated utilising Eq. 3 only if a unidirectional flux from blood to brain is assumed (Blasberg et aI., 1983a) . This condition can be achieved utilising a tracer that, once having crossed the BBB, is essentially "trapped" within brain cells. AlB satisfies these requisites if the cells are normal. However, in pathological situations, such as the massive isch aemic damage following 60-min bilateral carotid oc clusion, the mechanisms drawing AlB into the cells may not be working. Therefore, it is important to sacrifice the animal at a time when the plasma con centration of the tracer is still higher than its con centration in the brain, which minimises a possible backflux from the pathological tissue. A 10-min ex periment fulfills these conditions and has been used to quantify the transfer constant for AlB in situa tions where cell death is expected, such as cold injury edema (Blasberg et aI., 1980) . It should be noted that in the presence of an inefficient intra cellular transport, our data will represent at worst an underestimation of the actual transfer constants J Cereb Blood Flow Metabol, Vol. 5, No. I, 1985 (Blasberg et aI. , 1983b) , and will not apply to the nonischaemic regions.
The possibility that the increase in the transfer constant is an artifact of the expansion of regional capillary blood volume should also be considered. The final brain tissue tracer concentration is the sum of the intravascular tracer and the tracer that has diffused from the blood into the brain. The in travenous bolus injection of the tracer causes an exponential decrease of the intravascular concen tration as a function of time. This reduction in the blood tracer concentration by the end of the exper iment tends to minimise the contribution of the in travascular AlB to the measurement of the brain tissue tracer concentration. A longer experiment re duces the importance of the residual intravascular tracer (and the need for its accurate correction), but, as discussed previously, increases the back diffusion of the tracer in pathological conditions. The selection of the experimental time should there fore result from a compromise between a low final intravascular tracer concentration and a minimal brain-to-blood reflux.
We have calculated regional blood volumes to in troduce a correction for the intravascular tracer. Ideally, a calculation of blood volume should be made for each group, but this is not practical when the BBB is disrupted (Rapoport et aI., 1980) . The choice of a 1O-min experimental time and the decision to introduce a correction for the intravas cular tracer calculated for the cerebral blood vol umes measured in normal gerbils were dictated by the above-mentioned considerations.
Although potential errors may have been intro duced, we calculated that doubling the values for the blood volume in the reperfusion groups will still produce transfer constants significantly different from controls. Cerebral blood flow is markedly re duced after the first hour of reperfusion (Levy et aI., 1979) . It is unlikely that such a volume expan sion is present in a postischaemic brain. Therefore, we consider the increase due to an actual rise in transfer constant, indicating alteration in BBB per meability.
We conclude that 60 min of bilateral carotid oc clusion in the gerbil produces an increase in AlB permeability after 120 min of reperfusion. A similar time course for alterations in BBB permeability has been described qualitatively before (Ito et aI., 1979; Nishimoto et aI., 1979; Avery et aI., 1984) and taken as evidence of the effect of ischaemia on brain blood vessels. This is not the only explanation. Cortical blood flow is practically absent during this period, as evidenced by previous studies performed in our laboratory utilising hydrogen clearance (Crockard et aI., 1980; Avery et aI., 1984) and [ I4 C]iodoanti p yrine (unpublished data). However, in the brain stem structures and cerebellum, blood flow is maintained. The rising values of the blood-to brain transfer constant for AlB detected in all brain regions after the second and third hour of reperfu sion can hardly be explained on the simple basis of ischaemic damage to endothelial cells.
The findings resemble more closely the p icture found in BBB disruption after seizures (Zucker et aI., 1983) rather than the results reported by Shi geno and co-workers (1984) in their autoradio graphic evaluation of BBB permeability after re p erfusion in ischaemic rat brains. Epilepsy and acute hypertension are known to be associated with disturbances of the BBB (Petito et aI., 1977; Petito and Levy, 1980; Nitsch and Klatzo, 1983; Suzuki et aI., 1984) . In both conditions, the underlying mech anism of endothelial damage appears to be the ele vation of MABP (Johansson and Nilsson, 1977; Pe tito et aI., 1977; Suzuki et aI., 1984) . Gerbils are p articularly susceptible to epileptic seizures (Jarrott and Domer, 1980) . Sudden changes in environ mental stimuli can produce convulsions, and a ge netic factor has been suggested from selective breeding studies (Loskota et aI., 1974) . E p ileptic EEG patterns are not always coupled with visible seizures (Loskota and Lomax, 1975) . The high in cidence of seizures after bilateral carotid occlusion has been reported by several authors (Brierley et aI., 1976; Brown et aI., 1979; Jarrott and Domer, 1980; Avery et aI., 1984) . The increasing sensitivity to ischaemia is age related and parallels the seizure tendency (Jarrott and Domer, 1980) . Furthermore, there are clues suggesting that some histological changes observed in gerbils after ischaemia might be explained better as a result of epileptic activity rather than of ischaemia alone (Brierley et aI., 1976; Brown et aI., 1979) . Tr emors, convulsions, and rolling seizures are the most frequent neurological signs after reperfusion, and they often result in death (Jarrott and Domer, 1980; Avery et aI., 1984) . In a series of 34 gerbils subjected to 1 h of bilateral carotid occlusion, all animals surviving for >2 h after the release of the clips showed epilepsy (Avery et aI., 1984) . The onset of seizures was observed in the present study after the first hour of reperfusion. This is similar to the time course reported by Nell and Welch (1980) and observed in a previous study performed in our laboratory (Avery et aI., 1984) . Most of the reported studies dealing with the effect of ischaemia on the BBB in gerbils lack continuous physiological monitoring (Ito et aI., 1979; Nishi moto et aI., 1979; Hervonen et aI., 1980) . We sug-gest that the blood pressure pattern recorded during the reperfusion phase and accompanying the clini cally observed seizures is the cause of the gener alised increase in the transfer constant for AlB.
We must conclude that epilepsy and hypertension may have produced the diffuse BBB changes in areas not affected by carotid occlusion and added to the amount extravasated in the ischaemic areas. Although Evans blue dye has not been seen in the brainstem, that technique is too crude to evaluate small changes in BBB permeability. Great care must be taken in construing BBB damage after ischaemia in the gerbil. Although we have been able to quan tify the permeability in this species, we would be cautious in interpreting BBB data.
